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ABSTRACT: Monolayer organic semiconductors offer high gas -TCNQ sensitizer
sensitivity due to their exposed active channels and absence of LS
grain boundaries, allowing them to interact directly with the
analytes. However, such single-component organic sensors are
typically lacking in selective adsorption sites, leading to practical
hindrances such as limited chemical selectivity and slow
recovery. In this study, we demonstrate a highly crystalline
monolayer C;-DNTT semiconductor film sensitized with F,- /
TCNQ (F,-TCNQ/C,,-DNTT), fabricated using a one-step — -
solution-shearing codeposition method, which overcomes the Monolayer F,-TCNQIC,,-DNTT film W
aforementioned challenges to serve as a high-performance

chemical gas sensor. Compared to pristine C,,-DNTT, the

monolayer F,-TCNQ/C,,-DNTT films showed an enhanced response to hydrogen sulfide (H,S), an industrial pollutant and
an important biomarker for respiratory disorders, as the sensitizer molecules promoted electronic interactions at the gas-
organic semiconductor interface. Specifically, this resulted in a 5.3-fold increase in sensitivity to S ppm of H,S, with high
selectivity and improved recovery compared to pristine C;;-DNTT sensors. The precisely defined two-dimensional (2D)
structure of the F,-TCNQ/C,,-DNTT films enabled the investigation of layer-dependent sensing characteristics, reinforcing
the significance of the monolayer configuration for achieving highly sensitive and selective H,S sensing. This research provides
an effective strategy for designing high-performance organic sensing devices and highlights the importance of layer precision
in sensor response, contributing to the development of more efficient and reliable organic chemical sensors in the future.
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The growing demand for wearable and portable devices has
generated significant interest in organic electronic materials
due to their high tunability, mechanical flexibility, and facile
solution processability, making them competitive candidates
for next-generation electronic applications.' ™ In particular,
semiconductor-based gas sensing devices for autonomous, on-
site detection of trace analytes are essential for intelligent
systems and the emerging Internet of Things (IoT)
applications and could immediately benefit from the use of
organic semiconductors over conventional semiconductors.
Compared to inorganic semiconductors with broad, indis-
criminate surface interaction with multiple different analytes,
organic semiconductors have the competitive advantage in that
they can be chemically tailored for selective detection of
specific analytes even at room temperature while retaining
adequate levels of sensitivity." Thus, in recent years,
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tremendous efforts have been dedicated to enhancing the
sensing performance of organic semiconductors, mainly
through improving the surface adsorption of analytes and
charge transfer capabilities. Reported strategies include
engineering the morphologies with a high surface-to-volume
ratio, employing heterostructures, and incorporating sensi-
tizers. ™’ Despite significant progress in organic semiconductor
materials for gas sensing, however, challenges such as
fabricating high-quality organic films still impede their practical
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Figure 1. Fabrication and characterizations of monolayer 10% F,-TCNQ/C,-DNTT film. (a) Molecular structures of C,;;-DNTT and F,-
TCNQ molecules. (b) Schematic of solution-sheared monolayer 10% F,-TCNQ/C,-DNTT on SiO, substrate with patterned Au IDEs. (c)
OM image of the monolayer 10% F,-TCNQ/C,,-DNTT on SiO, substrate. (d) AFM surface morphology image of the monolayer 10% F,-
TCNQ/C-DNTT on SiO, substrate. (¢) TEM image of the monolayer 10% F,-TCNQ/C;;-DNTT on a copper TEM grid and (f)
corresponding EDS spectrum, the inset shows the mass fraction and the atomic fraction of sulfur and fluorine. XPS narrow scan spectra of
(g) S 2p and (h) F 1s of pristine C,(-DNTT and monolayer 10% F,-TCNQ/C,,-DNTT.

applications. Mainly, the diffusion of gas analytes into defect
sites, such as grain boundaries, creates trapping or scattering
centers for charge carriers within the organic sensing layer and
results in sensor instability and irreversibility due to destructive
gas-semiconductor interactions.'® Moreover, as the gas
analytes diffuse into the organic semiconductors in a vertical
direction to the interface, they disrupt the conductive channels
and limit the sensitivity of the device. This effect is particularly
detrimental for structures with numerous interfacial defects or
conventional bulk organic crystals. Therefore, rationally
modulating the chemical interactions between the gas analytes
and sensing materials, as well as facilitating interfacial charge
transport, is crucial to improving gas sensitivity and selectivity.
In this sense, a fundamentally different approach is necessary
to successfully design high-performance organic semiconduc-
tor-based gas sensors.

To that end, two-dimensional (2D) organic semiconductors
governed by van der Waals interactions present a unique
opportunity to directly explore their structure—property
relationship and offer valuable insights for designing advanced

devices due to their precisely defined number of layers, long-
range molecular order, and reduced grain boundary
density."'~"* A monolayer organic semiconductor that is
directly exposed to the environment should offer high
sensitivity to external stimuli, making it ideal for developing
highly sensitive sensors capable of detecting minute environ-
mental changes.lé_19 Moreover, scaling down the active
semiconducting layer to a monolayer confines charge transport
within a single conductive channel, eliminating the gas
molecule diffusion bottleneck and enabling high-performance
sensor devices.”””" Previous studies have demonstrated that
monolayer organic semiconductor-based sensors indeed
exhibit superior gas sensing performances compared to their
bulk counterparts.””>’ However, these single-component
organic sensors faced persistent challenges, including low
recovery and limited chemical selectivity due to the lack of
selective adsorption sites. Additionally, the direct preparation
of sensitized monolayer organic semiconductors through a
bottom-up assembly process is rarely reported despite its
importance for precisely incorporating functional moieties that
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enhance selectivity and sensitivity. These challenges emphasize
the urgent need for different materials engineering strategies to
improve overall gas sensing performance, including recovery
efficiency and chemical selectivity.

In this study, we present a one-step solution-shearing
codeposition method to prepare a monolayer of molecular
sensitizer-loaded organic semiconductor on the target substrate
by mixing the active sensing material 2,9-didecyldinaphtho-
[2,3-b:2",3-f]thieno[3,2-b]thiophene (C,,-DNTT) and the
molecular sensitizer 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane (F,-TCNQ) in specific volume ratios (denoted
as x%-F,-TCNQ/C,(-DNTT). The chemical composition and
crystallinity characterizations showed that this approach can
maintain the high crystalline nature of monolayer C,,-DNTT
and confirmed the successful preparation of the sensitizer-
loaded monolayer organic semiconductor sensor. Benefiting
from the excellent electronic sensitization effect of F,-TCNQ_
molecules on the sensing layer, the hydrogen sulfide (H,S) gas
sensing response of the 10% F,-TCNQ-loaded C,-DNTT
(10% F,-TCNQ/C,y-DNTT) was 5.3-fold higher than that of
the pristine C;,-DNTT sensors. Our sensors also exhibit a
sensing capability suitable for monitoring H,S under high
humidity conditions, which is not only a marker for industrial
production such as petrochemicals and wastewater treatment,
but also an important biomarker of the respiratory system like
halitosis and chronic obstructive pulmonary disease, and has
great potential for practical applications. Furthermore, the
layer-dependent characteristics emphasized the importance of
monolayer nanostructure in gas sensing devices due to the
direct gas-semiconductor interactions with no additional delay
from gas diffusion. Therefore, our findings establish a
foundation for designing high-sensitivity organic chemical
sensors for future gas sensing applications and suggest that this
promising sensor design strategy may be applicable to other
monolayer organic semiconductor films with compatible
electronic properties and molecular structures.

RESULTS AND DISCUSSION

Figure 1 provides a schematic illustration of our high-
performance organic semiconductor-based chemical sensor
design. In Figure la, the p-type organic semiconductor C,o-
DNTT with high carrier mobility was chosen as the active
sensing material, and F,-TCNQ_ with strong electron-with-
drawing properties was selected as the molecular sensitizer. As
shown schematically in Figure 1b, the sensor was fabricated by
depositing the F,-TCNQ-sensitized C,-DNTT monolayer
films as the sensing layer on a prefabricated SiO, substrate
patterned with a pair of Au interdigitated electrodes (IDEs).
The home-built solution-shearing setup was employed for
organic film deposition, in which the organic solution was
sandwiched between a blade and the target substrate. As the
blade drags the solution, organic crystals are deposited near the
meniscus formed between the blade’s edge and the substrate, a
process attributed to the self-assembly of organic molecules
driven by intramolecular van der Waals interactions between
adjacent molecules.”* By optimizing the growth parameters,
including substrate temperature and shearing speed, C,o-
DNTT films can be deposited as a monolayer. As shown in
Figure S1, millimeter-sized high crystalline C,y-DNTT films
with a thickness of ~3.8 nm can be deposited on the SiO,
substrate, consistent with the thickness of the crystallographic
c-axis of monolayer C;,-DNTT.” The F,-TCNQ-sensitized
C,o;-DNTT films were prepared using a solution-shearing

codeposition method,*® in which the solution consisted of C,,-
DNTT and F,-TCNQ_anisole solution with the equal mass
concentration mixed in different volume ratios. Considering
that the proportion of C;;-DNTT in the mixed solution is
much greater than that of F,-TCNQ, it reaches its critical
supersaturation level before the F,-TCNQ molecules do
during solvent evaporation. Therefore, during the solution-
shearing process for the growth of F,-TCNQ-loaded C,(-
DNTT film, C,;-DNTT starts its crystal nucleation and growth
earlier than the F,-TCNQ molecules, and the F,-TCNQ
molecules are excluded from the growing C;-DNTT crystals.
Therefore, the dopant F,-TCNQ molecules are most probably
distributed on the surface of the C;;-DNTT layer. The optical
microscopy (OM) and atomic force microscopy (AFM)
images of the 10% F,-TCNQ/C;,-DNTT films are shown in
Figure 1c,d, wherein the films exhibited high uniformity over a
millimeter scale and an atomic flatness with a root-mean-
square of 3.2 A. The film thickness was ~3.8 nm, which is
equivalent to that of pristine C;;-DNTT films, indicating that
the F,-TCNQ-loaded C;;-DNTT crystals adopt a similar
molecular orientation to that of C,;-DNTT, wherein the
molecules are aligned almost perpendicular to the SiO,
substrate. Such structure promotes the realization of high-
mobility devices because the dominant charge transport
direction, ie., the intermolecular 7—7 stacking, is parallel to
the SiO, substrate.”” Raman spectroscopy revealed character-
istic peaks of C,;-DNTT in samples of 10% F,-TCNQ/C,,
DNTT films across different regions and thicknesses, identical
to those measured in the pristine C,;;-DNTT films (Figure S2).
The absence of distinct Raman peaks for F,-TCNQ molecules
indicates that, as low as their loading level was, the molecules
were well-dispersed across the C,,-DNTT layer without any
aggregate formation.

The chemical composition was characterized using trans-
mission electron microscopy (TEM) coupled with energy-
dispersive X-ray spectroscopy (EDS). TEM image of a typical
sample of the 10% F,-TCNQ/C,-DNTT showing uniform
morphology and its corresponding EDS spectrum are shown in
Figure lef. The fluorine and sulfur signals could be easily
distinguished from each other on the EDS spectrum, and the
atomic fraction of the fluorine was about 10% of the sum of the
fluorine and sulfur atoms in the F,-TCNQ/C,,-DNTT films
(Figure 1f), and the molecular ratio of F,-TCNQ_is about
5.3%. X-ray photoelectron spectroscopy (XPS) was used to
further characterize the surface chemical state, with survey and
narrow scans of S 2p, and F 1s spectra of pristine C,,-DNTT,
F,-TCNQ, and F,-TCNQ-loaded C,,-DNTT as shown in
Figures S3 and 1gh, respectively. For S 2p spectra of C,,-
DNTT, the fitted peaks at approximately 163.63 (2p;/,) and
164.83 (2p/,) eV correspond to S—C. In F,-TCNQ/C,y
DNTT films, the peaks that correspond to S—C positively shift
compared with those of the pristine C,-DNTT, and the
binding energies are increased to 163.71 and 164.93 eV,
respectively. The F 1s peak was only detected in the F, -
TCNQ:-loaded samples, confirming the presence of F,-TCNQ_
molecules in the C,(-DNTT layer. We also compared the F 1s
peak positions between the pristine F,-TCNQ and F,-TCNQ-
loaded C,,-DNTT films. And the binding energy of F 1s in F-
TCNQ/C,,-DNTT is decreased to 687.83 eV compared with
the pristine F,-TCNQ (687.99 eV). When F,-TCNQ
molecules are doped on the surface of the monolayer C,y-
DNTT, the electrons are transferred from C,,-DNTT to F,-
TCNQ, leading to F,-TCNQ_anion and the increase of hole
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Figure 2. Crystallinity of 10% F,-TCNQ/C,,-DNTT monolayer film. (a,b) The 2D GIWAXS patterns for pristine C,(-DNTT and 10% F,-
TCNQ/C,-DNTT films, and (c) corresponding 1D plots of the GIWAXS patterns. (d) The high-resolution TEM image of 10% F,-TCNQ/
C,o-DNTT films and corresponding (e) selected-area electron diffraction patterns. (f) The high-resolution AFM image of 10% F,-TCNQ/

C,o-DNTT films.

concentration within the C;;-DNTT. Thus, the binding energy
of S 2p moves toward higher binding energy, and the binding
energy of F 1s moves toward lower binding energy, which
provides direct evidence of charge transfer between the C -
DNTT and F,-TCNQ molecules. Therefore, we may conclude
that the F,-TCNQ-loaded monolayer C,,-DNTT films
prepared using our straightforward one-step solution-shearing
codeposition method is an effective structural analogue to the
pristine C,,-DNTT films.

To gain insights into the potential impact of F,-TCNQ
molecules on the packing and orientation of C;,-DNTT
molecules, the grazing-incidence wide-angle X-ray scattering
(GIWAXS) was performed for both the 10% F,-TCNQ-loaded
monolayer C,-DNTT and pristine multilayered C,;-DNTT
reference samples (Figure 2a,b). For the pristine multilayer
C,o-DNTT film, discernible (00I) reflections along the out-of-
plane direction were observed, suggesting a lamellar layer-by-
layer growth behavior. The (02!) reflections along the in-plane
direction originated from the intermolecular 7-7 stacking,zg’29
indicating that the C,,-DNTT molecules are prone to adopt
the edge-on orientation with respect to the SiO, substrate.
Even for the monolayer-thick F,-TCNQ-sensitized C,;-DNTT
films, a sharp in-plane scattering pattern can be observed,
indicating high quality of the self-assembled monolayer with
good in-plane crystallinity.”® The introduction of small
amounts of F,-TCNQ _sensitizer into the C;,-DNTT solution
facilitates efficient dopant anion generation through charge
transfer.’’ Then, electrostatic repulsion between F,-TCNQ
anions mitigates aggregation, minimizing interference with C,,-
DNTT crystallization and enabling the formation of F,-
TCNQ-loaded monolayer C,-DNTT with long-range molec-
ular ordering. Theoretically, due to the dissatisfaction with the
Bragg diffraction condition for monolayer organic crystals, no

scattering pattern should be observable in the out-of-plane
direction;”” nevertheless, a very weak out-of-plane peak was
found in our sample due to minor imperfections (i.e., isolated
multilayer regions). The -7 d-spacing and lamellar d-spacing
were extracted from the corresponding one-dimensional (1D)
plot shown in Figure 2c. The lamellar d-spacing remained
consistent, while the z-7 d-spacing of the F,-TCNQ:-loaded
sample increased slightly from 3.85 to 3.90 A compared with
the pristine sample (Table S1). Although tighter 7-7 stacking is
beneficial for high-performance electrical conduction, its
impact is minimal considering the 1.3% expansion of the z-7
stacking.w Furthermore, the crystallinity and molecular
structure were characterized by high-resolution TEM, and
the F,-TCNQ-loaded C,,-DNTT films are highly ordered with
typical herringbone molecular packing (Figures 2d, $4).”> The
corresponding selected-area electron diffraction (SAED) with
clear diffraction patterns is shown in Figure 2e, indicating the
highly crystalline nature of the F,-TCNQ-loaded C,;-DNTT
films. And the molecular packing motif was further
corroborated by the high-resolution AFM in Figure 2f.
Furthermore, to intuitively demonstrate the impact of
molecular sensitizer loading on the electrical properties of
C,o-DNTT films, field-effect transistor (FET) devices with
bottom-gate bottom-contact configuration were fabricated with
the pristine and sensitized C;;-DNTT films to compare their
electrical performance (Figure SS). The average carrier
mobilities of the pristine and 10% F,-TCNQ-loaded C,;-
DNTT are 15.6 and 12.5 cm® V™! 57!, respectively. Despite the
slightly lower carrier mobility of the sensitized C,;-DNTT
compared to the pristine C,-DNTT, it still demonstrated
excellent electrical performance, contributing to its high
sensitivity toward gas analytes.
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Figure 3. Gas sensing performance of pristine C;;-DNTT and F,-TCNQ/C;,-DNTT monolayer-based gas sensors. (a) Response and
recovery kinetics of pristine C,;-DNTT and F,-TCNQ/C,,-DNTT monolayer with different loading ratios. (b) Resistance profiles for 5—0.4
ppm of H,S, and (c) comparative gas response plots for pristine C,-DNTT and F,-TCNQ/C,-DNTT-based sensors. (d) 10 cyclic tests for §
ppm of H,S of pristine C;;-DNTT and 10% F,-TCNQ/C,,-DNTT-based sensors. (e) Selectivity tests for pristine C,,-DNTT and 10% F,-
TCNQ/C,,-DNTT toward 10 interfering gas analytes. (f) Gas sensing comparison chart of pristine C,,-DNTT and 10% F,-TCNQ/C,,-

DNTT-based sensors for S ppm of H,S under different relative humidity conditions.

The chemiresistive gas sensors were fabricated to investigate
the sensitizing effect of F,-TCNQ molecules on the monolayer
C,o-DNTT sensing layer for detecting hydrogen sulfide (H,S),
a toxic gas that poses significant risks to human health and
industrial production.’* F,-TCNQ/C,,-DNTT films were used
as the sensing materials, and the sensors were fabricated on
patterned substrates using the solution-shearing method. Their
sensing responses were monitored and characterized by a
custom-built sensor setup under a nitrogen atmosphere.” It is
hypothesized that at the monolayer thickness limit, the
physical and chemical properties of the C;;-DNTT film
surface can be effectively modulated by introducing F,-TCNQ
sensitizer molecules, which possess strong electron-with-
drawing properties due to the high electronegativity of their
fluorine atoms.’® To explore this, the sensing capabilities of
pristine monolayer C,;-DNTT films and those loaded with
varying F,-TCNQ_concentrations (2.5%, 5%, 10%, and 15%)
were evaluated for sensor optimization. The tests were
conducted with S ppm of H,S under 75% relative humidity
(RH) and at room temperature. In organic semiconductor-
based gas sensors, conductivity changes in the sensing layer are
generally attributed to the surface charge transfer between the
gas analytes and the sensing material.’” Highly polar H,S gas
molecules can be adsorbed onto the sensor surface through
dipole—dipole interaction, donating electrons to the sensing
layer. This charge transfer process results in the annihilation of
holes in the p-type C,(-DNTT semiconductor sensor, reducing
its conductivity.”® As shown in Figure 3a, the dynamic gas
sensing results indicate that as the F,-TCNQ_loading ratio
increased from 2.5% to 10%, the gas sensing response ((AR/
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R,y) X 100%, where AR is the resistance change after exposure
to the gas analyte, and R, is the stabilized baseline resistance)
also increased. In particular, the 10% F,-TCNQ/C,-DNTT
monolayer sensor exhibited the highest sensing response of
138.7% among the five sensors tested, which is approximately
5.3-fold higher than that of the pristine C;(-DNTT sensor
(26.4%). In contrast, the 2.5% and 5% F,-TCNQ-loaded
sensors showed lower responses of 42.8% and 59.6%,
respectively. Increasing the loading ratio to 15% reduced
sensing response by 16.4%, which was even lower than that of
the pristine C,;-DNTT sensor. This decline is attributed to the
decreased electrical conductivity caused by the dendritic
growth of the C,(-DNTT films at high sensitizer concen-
trations (Figure S6). These results suggest that a small amount
of F,-TCNQ_is insufficient to significantly enhance the surface
reactivity of the monolayer C,,-DNTT sensing layer, while an
excessive sensitizer loading disrupts film crystallization, leading
to dramatic degradation of sensing performance. The
significantly enhanced sensing response of the optimal 10%
F,-TCNQ/C,;-DNTT sensor can be attributed to the strong
electron-withdrawing nature of F,-TCNQ molecules that
enhances the binding affinity for H,S molecules, providing
strong adsorption sites and maximizing the modulation of the
surface electronic properties of the monolayer C,-DNTT
semiconductor. When compared to unsubstituted TCNQ-
loaded C;;-DNTT-based sensors (Figure S7), the 10%
TCNQ/C,;-DNTT sensor exhibited a sensing response of
52.1%, which remained lower than that of its F,-TCNQ
counterpart, particularly due to differences in charge transfer
efficiency.””*” The fluorine atoms in F,-TCNQ_significantly
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Figure 4. Investigation of work function and binding energy changes in pristine and F,-TCNQ:loaded C,;-DNTT monolayers upon H,S
exposure. (a) KPFM work function map images for pristine C;;-DNTT and 10% F,-TCNQ/C,,-DNTT monolayer and its corresponding
work function maps after H,S exposure and (b) work function distribution diagram extracted from the KPFM work function maps. (c)
Binding energy of H,S gas with C,(-DNTT, F,-TCNQ/C,,-DNTT, and F,-TCNQ. (d) Visualization of the highest-energy H,S-related
occupied orbital (239a) and the lowest-energy H,S-related unoccupied orbital (250a).

strengthen its electron-withdrawing capability, leading to
greater charge redistribution upon H,S adsorption and thereby
enhancing the sensor response. The solution-sheared F,-
TCNQ exhibited dendritic growth, hindering the formation of
a uniform and continuous conductive film, which resulted in
resistance exceeding the measurement limit (Figure S8). Given
these structural limitations, F,-TCNQ was instead leveraged as
a sensitizer to enhance the H,S sensing performance of C,o-
DNTT by facilitating electronic interactions at the gas/
semiconductor interface. These findings emphasize the crucial
role of sensitizer selection in optimizing organic semi-
conductor-based gas sensors, with F,-TCNQ_demonstrating
its effectiveness as a sensitizer for achieving enhanced gas
sensing performance.

To further investigate the dynamic sensing behavior of F,-
TCNQ/C,,-DNTT, additional experiments were conducted
with H,S concentrations ranging from 0.4 to S ppm (Figures
3b,c, S9). Test results show that the sensing response to H,S
consistently increased with higher F,-TCNQ_loading ratios,
from 2.5% to 10%, over the entire gas concentration range,
demonstrating the effective sensitization effect of F,-TCNQ
molecules on the surface of monolayer C,-DNTT films. The
linearity of the response versus gas concentration from 0.4 to 5
ppm indicates reliable detection of H,S within this range.
Importantly, the 10% F,-TCNQ/C,,-DNTT-based sensors
demonstrated relatively stable response/recovery behavior over
10 cyclic exposures to S ppm of H,S, retaining 63.3% of their
initial response compared to 42.7% for the pristine C,;-DNTT
sensor, indicating improved recovery characteristics and
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cyclability under repeated gas exposures (Figures 3d and
S10). Note that incomplete recovery is a common character-
istic of room-temperature gas sensors originating from the
sluggish desorption of the target analyte. We further conducted
long-term storage stability tests to evaluate the durability of the
sensor. As shown in Figure S11, the 10% F,-TCNQ/C,,-
DNTT sensor maintained a consistent response to S ppm of
H,S, with an average value of 116.5 + 25.7%, exhibiting only
minor fluctuations when measured every 2 days over an 8-day
period, demonstrating stable sensing performance over this
period. Altogether, the observed enhancements in the sensing
properties can be attributed to the well-defined molecular
arrangement of the monolayer, which facilitates efficient charge
transport, and the strong electron-withdrawing properties of
the F,-TCNQ _sensitizer.

In addition to its high sensitivity and cyclic stability to H,S,
selectivity is a crucial factor for ensuring the practical viability
of gas sensors. However, research on improving selectivity in
organic semiconductor gas sensors is still lacking, as it depends
on complex factors such as redox properties, electron transfer,
and molecular interactions. Additionally, no studies have been
reported on functionalizing sensitizers to enhance the
selectivity for specific target gases. To investigate the effect
of F,-TCNQ as the molecular sensitizer, the selectivity of the
sensors was evaluated against various interfering gas analytes.
The 10% F,-TCNQ/C,,-DNTT-based sensor exhibited
excellent H,S selectivity over other gases, including nitrogen
dioxide (NO,), sulfur dioxide (SO,), hydrogen (H,), ammonia
(NH;), formaldehyde (HCHO), carbon monoxide (CO), p-
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xylene (CgHj,), isoprene (CsHy), ethanol (C,H;OH), and
acetone (CH;COCH,;), with its response to H,S being an
order of magnitude higher than that to the other gases (Figure
3e). On the contrary, the pristine C,-DNTT-based sensor
could not reliably distinguish the H,S response from those of
the interfering gases. These findings underscore the crucial role
of the F,-TCNQ sensitizer in enhancing H,S selectivity, which
is primarily governed by specific electronic interactions
between the analyte gases and the F,-TCNQ molecules
(Figure S12).

Additionally, as H,S is a biomarker for respiratory disorders
such as halitosis and chronic obstructive pulmonary disease,*'
a sensor’s capability for the sensitive and selective detection of
H,S even in high humidity conditions such as in exhaled breath
is of utmost importance. As such, the sensing response of
pristine and 10% F,-TCNQ/C,,-DNTT sensors to S ppm of
H,S was systematically evaluated at different humidity levels
(0, 25, 50, 75% RH) (Figure 3f). Both sensors exhibited an
increased response with rising humidity, with the 10% F,-
TCNQ/C,y-DNTT sensor showing a notable improvement in
highly humid conditions (75% RH), achieving a response 3-
fold higher than that of the pristine sensor. This observation
highlights the significant influence of water molecules on H,S
sensing, with humidity-assisted improvements in sensing
performance closely aligned with previously reported find-
ings.””**~* Especially the rapid increase in H,S response at
high humidity (75% RH) can be attributed to the percolation
threshold of the hydration layer, where increased H,S
dissolution and ionization lead to a higher concentration of
reactive species. Additionally, the high electron affinity of the
F,-TCNQ_sensitizer facilitates charge redistribution through

hydrogen bonding interactions with H,O molecules, thereby
enhancing charge transport in C;;-DNTT. Further experi-
ments confirmed that while 10% F,-TCNQ/C,,-DNTT-based
sensors exhibit minor resistance variations with humidity
changes, their response is primarily governed by H,S exposure
(Figure S13).

The chemiresistive gas sensing measurements revealed that
the F,-TCNQ-loaded monolayer C,;-DNTT sensors exhibited
enhanced sensitivity and selectivity toward the H,S analytes,
showing comparable performance to previously reported
organic material-based H,S sensors (Table $2)."7>* To
elucidate the F,-TCNQ_sensitization effects during the gas
sensing process, Kelvin probe force microscopy (KPFM) was
utilized to investigate the work function changes following F,-
TCNQ loading and H,S exposure, respectively (Figure S14).
Highly oriented pyrolytic graphite (HOPG) and thermally
evaporated Au film served as calibration reference samples for
determining the work function (Figures S15 and 16). Figure
4a,b presents the work function mapping images and the
corresponding distribution diagram, showing that the average
work function of pristine and F,-TCNQ-loaded C,;-DNTT
films is 4.85 and 4.92 eV, respectively. The observed
downward shift of the work function by 70 meV toward the
highest occupied molecular orbital (HOMO) confirms the
electronic sensitization effect of the F,-TCNQ molecule,>
aligning with the results obtained from ultraviolet photo-
electron spectroscopy (UPS) (Figure S17). Furthermore, a
noticeable brightness-darkening change in the work function
mapping images was observed upon H,S exposure, indicating a
direct electron transfer process and n-type “doping” (ie.,
charge injection) induced by H,S molecules.’® The work
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function of F,-TCNQ-loaded C;-DNTT decreased by 280
meV due to H,S exposure, which is over 3 times higher than
that of the pristine C,-DNTT, indicating the powerful
sensitizing effect of F,-TCNQ in the gas sensing mechanism.
These findings further support the increased resistance
observed in the chemiresistive sensing measurements of both
pristine and 10% F,-TCNQ/C,-DNTT sensors to H,S.

To fundamentally elucidate the mechanisms behind the
enhanced H,S sensing capabilities in F,-TCNQ/C,-DNTT as
observed experimentally, density functional theory (DFT)
calculations were conducted to examine the binding energies
between H,S and various system components. Figure 4c
presents the binding energies of H,S with the C,,-DNTT and
F,-TCNQ components. The F,-TCNQ/C,;-DNTT system
shows a binding energy approximately ten times higher than
that of C;-DNTT alone, closely mirroring the binding energy
between F,-TCNQ and H,S. These results highlight minimal
interaction between H,S and C,;-DNTT, likely due to the
alkyl chains in C;;-DNTT, which do not support strong
interactions with polar molecules like H,S. The binding energy
increase in the F,-TCNQ/C,;-DNTT system suggests that F,-
TCNQ is responsible for significantly enhancing the
interaction with H,S. Due to its strong electron-withdrawing
properties, F,-TCNQ_ exhibits a polar nature, raising the
binding affinity for H,S molecules. This enhancement is
comparable to the binding energy between F,-TCNQ and H,S
alone, confirming F,-TCNQ as the dominant interacting factor
within the composite system. Molecular orbital analysis, shown
in Figures 4d and S18, identified that both the highest energy
H,S-related occupied orbitals and the lowest energy H,S-
related unoccupied orbitals involve F,-TCNQ rather than C,;-
DNTT. This finding suggests that H,S primarily interacts
electronically with F,-TCNQ, indicating strong electronic
coupling crucial for effective sensing, as it can impact the
charge transport properties of semiconductor films upon gas
binding.

Generally, the electrical performance of few-layer organic
crystals is comparable to that of their bulk counterparts due to
their 2D nature, efficient charge carrier injection, and high
surface-to-volume ratio.>” Then, layer-dependent gas sensing
responses were characterized to investigate the critical role of
the monolayer structure in achieving high sensitivity to gas
analytes. After first determining that a 10% loading ratio for F,-
TCNQ was optimal based on the sensing performance, we
subsequently evaluated the 10% F,-TCNQ/C,-DNTT-based
sensors with varying C,o-DNTT layer numbers prepared by
adjusting the solution-shearing growth temperature. Figure Sa
shows the dynamic sensing performance of pristine monolayer
C;o-DNTT and 10% F,-TCNQ/C,,-DNTT sensors with
varying layer numbers: monolayer (1L), bilayer (2L), and
trilayer (3L). Upon exposure to S ppm of H,S, the 1L 10% F,-
TCNQ/C,;-DNTT sensor showed the highest response,
almost 8.1-fold higher than the 2L sensor and 12.7-fold higher
than the 3L sensor. Interestingly, the response of the pristine
1L C,;-DNTT sensor was even greater than that of the 2L and
3L F,-TCNQ-sensitized sensors, emphasizing the critical
importance of maintaining a monolayer structure for optimal
organic sensing performance. Furthermore, upon dynamic
exposure to H,S concentrations ranging from 0.4 to S ppm
(Figure Sb), the 1L 10% F,-TCNQ/C,,-DNTT sensor
exhibited the highest sensing response across the entire
concentration range, attributed to the direct interactions
between the charge carriers of monolayer films and H,S

molecules. The sensing response, response time, and limit of
detection (LOD) were extracted and summarized in Figure Sc.
The pristine C,(-DNTT sensor exhibited a response of 26.4%,
a response time of 29.2 min, and an LOD of 0.28 ppm. As the
number of layers of F,-TCNQ/C,,-DNTT increased from 1L
to 2L and 3L, the sensing response dramatically decreased
from 138.7% to 17.2% and 10.9%, respectively. The response
time increased from 27.2 min for 1L to 32.6 min for 2L and
34.0 min for 3L, while the LOD values were measured at 0.07,
1.02, and 1.75 ppm, respectively. Furthermore, the overall gas
sensing performance of the pristine 1L C;;-DNTT sensor
exceeded that of the F,-TCNQ-sensitized multilayer sensors
(2L and 3L), emphasizing the critical importance of a
monolayer sensing layer for achieving high-performance
organic chemical sensors.

Considering the effectiveness of layer-dependent gas sensing
characteristics in molecular sensitizer-loaded multilayer C,,-
DNTT sensors, we further explored the charge carrier
behaviors to reveal the sensing mechanism. The KPFM was
first used to map the surface potential and topography of the
F,-TCNQ:-loaded multilayer C,,-DNTT films, which exhibited
a step-and-terrace structure. Figure Sd presents the surface
potential and corresponding topography images, highlighting
the difference in surface potential between the F,-TCNQ-
sensitized C;;-DNTT film region and the SiO, substrate
attributed to the different work functions of these materials. In
the sensitized C,,-DNTT film region, the distinct molecular
layers were easily identifiable in the topography images, with a
height difference of 3.8 nm, indicating that molecular layers
beyond the 1L maintain similar molecular packing and
orientation. The surface potential image reveals slight color
contrasts among the 1L, 2L, and 3L layers, reflecting the
difference in surface potential between the adjacent molecular
layers. As shown in Figure Se, the relative surface potential
difference (Agp) between the 1L layer and the SiO, substrate is
approximately 312 mV, and the Ag, between 1L and 2L is
about 23 mV, which slightly decreases to 20 mV between the
2L and 3L layers. Notably, when the number of C,-DNTT
layers is increased to and above four, the color contrast in the
surface potential becomes negligible for additional layers
(Figure S19), indicating that the charge carriers are mainly
confined to the first few molecular layers at the semi-
conductor/dielectric interface, where the built-in field is most
potent. From the perspective of C;;-DNTT molecules, the
conducting m-core region of the C;,-DNTT molecule is
spatially separated by insulating alkyl chains (Figure S5f),
allowing the formation of a continuously extended density of
states only within a single layer. Consequently, the multilayer
C1o-DNTT films exhibited discrete carrier distribution rather
than a continuous distribution, with carrier density decreasing
quadratically with distance from the semiconductor/dielectric
interface.”®” Therefore, the layer-dependent gas sensing
results can be attributed to the different carrier distributions
in the multilayer C,;-DNTT films, whereby interactions
between carriers and gas molecules are most pronounced in
the first monolayer. The monolayer films, characterized by a
high surface-to-volume ratio, reduced the diffusion length of
gas molecules and confined surface charge transfer and charge
transport channels to a localized region, enhancing sensitivity
to gas analytes. Additionally, the highly ordered nature of
monolayer C,-DNTT films promoted the adsorption and
desorption of gas analytes, improving overall gas sensing rates
and recovery characteristics. As the thickness increased to 2L
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and 3L, the surface adsorption and slower diffusion of H,S into
the interfacial layer impeded direct interactions with charge
carriers, resulting in diminished sensing capabilities.”” These
results demonstrate the potential of highly crystalline
monolayer C,;-DNTT for developing sensitive and selective
chemical gas sensors while elucidating the sensitizing effect of
the F,-TCNQ molecules, suggesting that this promising
strategy for sensor design may be extended to other monolayer
organic semiconductor films with compatible electronic
properties and molecular structures.

CONCLUSION

In this study, we developed high-performance H,S gas sensors
using molecular sensitizer-loaded monolayer organic semi-
conductors fabricated through a straightforward solution-
shearing codeposition method. The monolayer thickness and
the grain boundary-free surface of the F,-TCNQ_sensitizer-
loaded monolayer C;-DNTT effectively eliminate the gas
diffusion bottleneck and facilitate direct interactions between
the H,S gas and the monolayer C,;-DNTT. This design
confines the charge transport and transfer process of H,S
within the same conducting z-core channel of the sensing
layer. Taking advantage of the sensitization effects of the F,-
TCNQ, the F,-TCNQ/C,;-DNTT sensors exhibited a
response that was S5.3-fold higher than that of the pristine
C,o;-DNTT sensor, along with high selectivity and device
stability. Furthermore, we elucidated that the few-layer
structure of the sensitized organic semiconductors provides
an optimal platform for investigating novel physical phenom-
ena and advancing high-performance sensing applications.

EXPERIMENTAL SECTION

Materials. The C,;-DNTT powder (sublimed >99%) was
purchased from Luminescence Technology Corp. and the
TCNQ (>99.0%), F,-TCNQ (>98.0%), and anisole (>99.0%)
were purchased from Tokyo Chemical Industry (TCI).
Trichloro(octadecyl)silane (OTS, >90%), and chloroform
(anhydrous, >99%) were purchased from Sigma-Aldrich. All
chemicals were received and utilized without further
purification.

Preparation of F,-TCNQ-Loaded Monolayer C,,-DNTT
Films. The highly doped p*" SiO, substrates with a 300 nm
thermal oxide layer were used for the organic film deposition.
The SiO, substrate underwent ultrasonic cleaning in acetone,
isopropanol, and deionized water for 10 min each, followed by
UV-ozone treatment for 20 min to make the substrate surface
hydrophilic, which is advantageous for the solution-processed
ultrathin organic films. C;-DNTT was dissolved in anisole at
0.2 mg/mL and sonicated for 20 min to enhance dissolution.
The resulting C,;-DNTT solution was heated at 85 °C for
about 4 h before use. Similarly, F,-TCNQ was dissolved in
anisole at 0.2 mg/mL and placed under ambient conditions.
The mixed solution consisted of C;;-DNTT and F,-TCNQ
solutions with different volume ratios (2.5%, 5%, 10%, and
15%). For the preparation of the OTS-treated glass blade, the
glass was immersed in a 3 wt % OTS chloroform solution for
about 12 h, followed by rinsing with chloroform, acetone, and
isopropanol. The OTS-treated glass blade, with its hydro-
phobic surface, was used to improve the crystallinity during the
organic film deposition. Pristine and F,-TCNQ-loaded C,;-
DNTT films were deposited using a home-built solution-
shearing setup with a hot plate on the sample stage. During the

solution-shearing coating process, the speed and temperature
are the main factors that affect the film layer morphology. The
slower speed is preferred to reduce the deposition temperature
and minimize the thermal cracks of the organic semiconductor
film, thereby achieving high electrical performance devices
(Figures S20 and S21). Here, the shearing speed of 10 ym/s is
applied since the minimum deposition rate of our home-made
solution-shearing setup is 10 ym/s. A 20 uL volume of organic
solution was injected into the gap between the blade and
substrate with the shearing speed of 0.01 mm/s using the linear
translation stage, with a gap of 100 ym and a tilt angle of 15°
between the blade and substrate. The growth temperature for
1L 10% F,-TCNQ/C,,-DNTT film was maintained at around
60 °C, and the growth temperature for 2L and 3L 10% F,-
TCNQ/C,(-DNTT films are 65 and 69 °C, respectively. For
the preparation of TCNQ-loaded monolayer C,,-DNTT films,
the same fabrication method was applied, with F,-TCNQ
replaced by TCNQ in the solution preparation step.

Materials Characterizations. The OM images were taken
from an OLYMPUS optical microscopy (BXS3M). The regular
AFM and KPFM measurements were performed using the
Park NX10 AFM system, and the gold-coated AFM tip
(NSC36/Cr—Au) was used for the electrical sideband mode
KPFM measurements. The ZYA grade HOPG was used to
calibrate the work function. The F,-TCNQ-loaded C,,-DNTT
films were deposited onto the SiO, substrates and fixed on a
metal plate using a silver paste to enable sample biasing during
KPFM measurements. High-resolution AFM was conducted
using the Cypher AFM system. The pristine and F,-TCNQ-
loaded monolayer C,,-DNTT films were directly deposited on
the copper grid for TEM-EDS measurements (200 kV Multi
EDS Field Emission TEM, Talos F200X G2). High-resolution
TEM and SAED patterns were obtained using a Cryo Field
Emission TEM (300 kV, Krios G4, Thermo Fisher). XPS and
UPS were conducted using in situ X-ray photoelectron
spectroscopy (AXIS SUPRA model (Kratos)). For XPS
measurements, an Al Ka X-ray source was employed to
characterize the surface chemical states, while UPS measure-
ments, using a He I (21.2 eV) UV source with an energy step
size of 0.025 eV, were used to determine the work function of
pristine C,-DNTT and 10% F,-TCNQ/C,,-DNTT films. The
work function was calculated by subtracting the onset of
secondary electron cutoff energy from the UV source energy
(21.2 eV). GIWAXS experiments were performed at the 9 A
beamline of the Pohang Accelerator Laboratory.

Electrical and Gas Sensing Measurements. For FET
device fabrication, a 90 nm highly doped p™* SiO, substrate
was used. The FET devices were characterized under ambient
conditions using a probe station and a Keithley 4200A-SCS
parameter analyzer. The carrier mobility was extracted in the
saturation region of the FET device using the equation:

Ing = (%)”FET(VG — V), where L and W are the channel

length and width, respectively, C; is the gate dielectric
capacitance, Vpy, is the threshold voltage. For gas sensor
fabrication, IDE consisting of a 5 nm Cr adhesion layer and a
30 nm Au with a width of 100 ym and a gap of 50 ym were
deposited on the SiO, substrate using e-beam evaporation.
Ci;o-DNTT and F,-TCNQ-loaded C,;-DNTT with different
loading ratios were directly deposited onto the sensor
substrates with patterned electrodes. Platinum wires were
then attached to the electrode pads using the silver paste to
form electrical contacts. The resistance of the gas sensors was
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measured using a custom-built testing system comprising a 16-
channel multiplexer (349724, Agilent), solenoid valves, and
mass flow controllers (MFC). Before gas exposure, all sensors
were equilibrated under ambient conditions for 12 h. Gas
exposure followed a 30 min on/off cycle. To control the
humidity of the reference gas, part of the gas stream was passed
through a water bubbler maintained at 37 °C, and then this
humidified gas was mixed with the balance gas using the MFC.
All gas sensor tests were conducted at room temperature
without applying additional voltage to the sensor substrate.
Response times were defined as the time required for the
sensor resistance to reach 90% of its maximum response ((R —
Riin)/Ruex = 0.9). Data analysis involved calculating the
resistance ratio (AR/R,) X 100%, where AR represents the
change in resistance upon exposure to the gas analyte, and R,
is the stabilized baseline resistance. This ratio served as an
indicator of the sensitivity to the target gas, providing a
quantitative indication of the response to gas exposure. Sensing
measurements were performed on more than three independ-
ent sensors, with error bars calculated from the obtained
values.

Density Functional Theory Calculations and Binding
Energy Optimization. DFT calculations were conducted
using the Gaussianl6 software package.”’ The calculations
employed the accurate description of van der Waals complexes
by density functional theory, including empirical corrections
with the 6-31G(d) basis set. Geometric optimization was
conducted through the quadratic convergence (QC) method
to ensure stable convergence, followed by self-consistent field
(SCF) calculation with tight convergence criteria to determine
energy and orbital properties. To ensure accuracy, the
maximum SCF cycle was set to 1024. Three random initial
configurations were chosen for each system, and the
configuration yielding the lowest binding energy was selected
for further analysis.
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